Abstract: The use of biochar as an agricultural soil improvement was tested in acid sulfate and sandy soils from Malaysia, cropped with rice and corn. Malaysia has an abundance of waste rice husks that could be used to produce biochar. Rice husk biochar was produced in a gasifier at a local mill in Kelantan as well as in the laboratory using a controlled, specially designed, top lift up draft system (Belonio unit). Rice husk biochar was applied once to both soils at two doses (2% and 5%), in a pot set up that was carried out for two cropping seasons. Positive and significant crop yield effects were observed for both soils, biochars and crops. The yield effects varied with biochar type and dosage, with soil type and over the cropping seasons. The yield increases observed for the sandy soil were tentatively attributed to significant increases in plant-available water contents (from 4%-5% to 7%-8%). The yield effects in the acid sulfate soil were likely a consequence of a combination of (i) alleviation of plant root stress by aluminum (Ca/Al molar ratios significantly increased, from around 1 to 3-5) and (ii) increases in CEC. The agricultural benefits of rice husk biochar application to Malaysian soils holds promise for its future use.
Introduction
Biochar is produced by pyrolyzing biomass, ideally from organic waste products which have no further commercial purpose, into stable biochars. This process removes carbon from the short term carbon cycle [1] . In Asia, rice husks are a waste material of abundant quantity that could provide a biomass source for the production of biochar. Indeed, in 2011, an estimated 592,477 tons of rice husk and 32,000 tons of rice husk biochar were generated from rice milling operations in Malaysia [2] . In large rice processing mills in Malaysia, fresh rice husks generated as a byproduct of the process are utilized as fuel. They are gasified using cyclone furnaces to generate heat for the rice drying process and the rice husk biochar produced (at a recovery rate of approximately 30%) is predominantly considered as a waste byproduct. Rice drying is a batch process and is carried out over a period of three months per year during each paddy harvest period. Rice husk biochar has been used in agricultural practices since the beginning of rice cultivation in Asia several thousands of years ago. In the state of Kedah (in the northern area of Peninsular Malaysia), rice husk biochars produced by rice mills are utilized as a seedling bed for the rice transplanting technique practiced in that state. In Kedah farmers are able to acquire the rice husk biochar free of charge. However, in other areas of Malaysia such as Kelantan (on the east coast of Peninsular Malaysia), rice husk biochar is considered a problematic waste material and mill owners pay approximately 1 USD to dispose of 3.38 tons of the material due to ineffective utilization. A small proportion of farmers in Kelantan have recently started utilizing rice husk biochar as a potting media for vegetables under fertigation systems, replacing commonly used cocoa peats.
Amending biochar to soil is being promoted as a sustainable practice that simultaneously mitigates climate change and improves the quality of marginalized agricultural land in impoverished regions. The amendment of small doses of biochar to soils in such regions has been carried out in many continents (summarized in [1] ). Biochar amendment to soil can result in an increase in pH, increase in cation exchange capacity (CEC) [3] , improved water holding capacity, and improved soil structure [4] . Amendment studies have demonstrated both positive and negative results following biochar addition. A meta-analysis of 16 biochar studies considering 177 different treatments showed that the effect of biochar on crop yield is variable, ranging from´28% to +39%, with an overall mean of +10% [5] . The study cited plant-available water, pH and nutrient retention increases as the most important factors explaining the effect of biochar addition on plant growth. However, in many studies it was not completely clear what factor was decisive for the observed biochar effects, or lack thereof, on crop yield. In addition, a further meta-analysis was carried out in order to investigate the effect of biochar amendment on crop growth both for pot and field experiments [6] . These authors found that when the biochar dose was <30 t/ha, crop productivity was increased by 11% on average, with greater responses found in pot experiments than in field experiments, in acidic soils compared to neutral soils, and in sandy soils compared to loamy and silty soils.
Malaysian soils can be broadly divided into the sedentary soils formed in the interior areas of Malaysia on a wide variety of rock types, and soils that are found in the coastal alluvial plains. The coastal alluvial soils can be classified as Entisols, Histosols, Inceptisols, and Spodosols and fall in to four main categories; fine textured clay soils, peat and organic soils, acid sulfate soils and sandy soils [7] . It is often the acid sulfate soils and the sandy soils that are most problematic from an agricultural perspective. Acid sulfate soils occur almost exclusively in the coastal plains of Malaysia [8, 9] . These soils are characterized by high levels of pyrite (FeS 2 ) which produce high acidity (soil pH < 4) when they are exposed to the atmosphere due to drainage, resulting in the release of high amounts of Al 3+ and Fe 2+ into the environment [10] . The sandy spodosols (>85% sand) are considered problematic due to excessive water drainage as well as low organic matter contents, clay contents, cation exchange capacities (CEC) and nutrient contents. Water and nutrients are easily leached out of the soil due to the low field capacity and the low CEC respectively, and thus water and nutrient stress are common.
Reported studies probing the effects of the addition of biochar to Malaysian soils are scarce. However, Malaysian universities and research agencies (personal communications) have carried out several unpublished studies. Of those that have been published, the use of biochar has been shown to be one possible way to ameliorate poor agricultural soils. For example, the addition of 4% wt of rice husk biochar to compost accelerated the composting process as the rice husk biochar acted as a bulking agent and promoted higher decomposition rates due to a larger microbial population being present at the thermophilic stage, as well as higher moisture and nutrient retention [2] . Panhwar et al. [11] studied the effects of biochar and organic matter amendments on rice grown on acid sulfate soil from Kelantan. The application of 4 t/ha biochar in combination with 9 t/ha biofertilizer resulted in a significant increase in soil pH and crop yield as compared to the control, non-amended soil. Syuhada et al. [12] studied the effects of biochar amendment on nutrient uptake of corn planted under sandy Malaysian spodosols. The results showed that the addition of biochar at 20 t/ha in combination with fertilizer significantly increased the uptake of nitrogen by corn compared to the control. However, when applying biochar to soil as an amendment with the aim to improve the agronomic quality of the soil, the effect of co-formed polycyclic aromatic hydrocarbons (PAHs) and potentially toxic elements (PTEs) must also be considered. Previous research has shown that the level of PAHs in a broad suite of biochars produced using different methods and from different feedstocks does not result in biochars containing total PAH concentrations or bioavailable PAH concentrations above guideline values set by relevant biochar standards [13] . Specifically for biochars produced form rice husk, previous studies have also reported low concentration of PTEs [14] that do not exceed guideline values set by the UK for the use of sewage sludge application to soil [15] . One additional environmental issue specifically related to the addition of rice husk biochar to soil is the high amount of silicates in the biomass which may lead to the production of crisobalite, an element with associated health concerns, during the gasification process [15] .
Previous biochar trials have been carried out for similar problematic soils to those in Malaysia, in other countries. The application of rice husk biochar together with mineral fertilizers and lime significantly enhance the root nodule formation, growth and yield of maize in Indonesia [16] . In Thailand, Oka [17] reported the positive effects of 10 t/ha rice husk biochar application on nitrogen fixation rates, growth and yield of soy bean planted in a low fertile sandy soil. The authors explained the positive effects based on an improvement of soil physical properties, porosity, water holding capacity, pH and CEC resulting from the amendment of biochar. Jaafar et al. [18] studied the response of arbuscular mycorrhizal towards biochar soil amendment and reported that application of 50 t/ha of biochar gave significantly higher colonization of mycorrhizal root for subterranean clover and wheat. Kameyama et al. [19] reported that the addition of 1%-10% wt sugarcane bagasse biochar produced at 800˝C to two types of sandy soils in Japan increased the water retention capacity of the soils proportionally to the amount of biochar added. Steiner et al. [20] reported charcoal from secondary forest wood addition to compost at 5 t/ha and 11 t/ha, respectively, gave higher stover and grain yield compared to mineral fertilization alone and its presence in the soil was as measured by carbon loss, was more stable compared to other organic amendments such as chicken manure and compost.
Within this study, the amelioration effects of adding rice husk biochar to two problematic soils from Kelantan, namely sandy spodosols and acid sulfate soils over two cropping season was investigated in greenhouse pot trials. The rice husk biochar was applied just once and residual effects resulting from the application were evaluated in a second cropping cycle. Rice husk biochars were produced locally in two manners: (i) in a rice mill using a cyclone gasifier and a gasification process (the above mentioned waste product) and (ii) in a controlled manner using an upscaled Belonio device [21] . Corn (Zea mays) and rice (Oryza sativa) were selected as test crops as they are currently grown under sandy spodosols and acid sulfate soils but often have a low average yield. The working hypothesis was that these biochars could increase crop yields in these soils by favorable changes in soil physico-chemical properties, specifically water stress relief in the sandy soil and acid stress relief in the acid sulfate soil. This study extends knowledge related to the use of biochar as a soil amendment to Malaysian soils by considering two biochars applied at two rates to two problematic soils planted with two types of crop over two cropping seasons. The study is among the first to probe the possible use of gasifier rice husk biochar in Malaysia, a readily and cheaply available biomass waste material from rice mills that promotes positive waste management strategies.
Experimental Section

Selection of Rice Husk Biochar
Rice husk biochar was produced using two different methods: (1) available rice husk biochar produced at a local mill (BERNAS mill at Peringat in Kelantan) via gasification, referred to as R (rice mill biochar) and (2) upscaled top-lit updraft Belonio rice husk gasifier [21] , referred to as B (biochar belonio). The selection of rice husk as a feedstock was based on predicted long term availability of the material since rice is a staple food in Malaysia and rice husk biochar is an abundantly available byproduct of existing gasification units, which are used in major rice processing mills. Figure S1 in the Supplementary Materials provides a schematic of the system at the rice mill. The cyclonic furnace consists of a combustion chamber, feeding system of air and rice husk, a suction blower and a control system. During the gasification process, rice husk is fed into the furnace through a husk inlet until it reaches the height required. Start-up of the cyclonic furnace is carried out with the aid of burning diesel. The burning temperature in the combustion chamber is set to 350˝C although the temperature inside the cyclonic furnace can briefly reach temperatures up to 1000˝C. The furnace operates by blowing the rice husk from a husk bin into the top of the furnace. Through the double cyclone, rice husk is swirled around and mixed with air that is injected at six different heights into the furnace. Combustion takes place within the whole height of the furnace. The rice husk biochar is collected at the bottom of the furnace. The hot combustion gasses are fed from the top of the furnace into the dryer, where it is mixed with ambient air through a second blower.
The upscaled top-lit updraft Belonio rice husk gasifier was developed in the present research project and operated under controlled conditions as described by Kisiki et al. [21] . In brief, 70 kg of rice husk were added to the Belonio gasifier which were lit with the aid of paper. Once the rice husk caught fire the lid was closed and air supplied via a centrifugal blower until the gasification zone reached the bottom of the unit, typically within 2.5 to 3 h. Following this the blower was turned off and biochar removed and left to cool. The average biochar yield was 21.3 kg˘4.6 kg (15%), while peak temperatures increased from 600 to 830˝C (as measured by digital thermocouples mounted in the unit) as the gasification zone moved downwards.
Selection of Soils
The soils from Kelantan that were selected for the experiments were (a) an acid sulfate soil and (b) a sandy soil. The acid sulfate soil was collected form Kampong Golok, Kemasin Semerak (6˝3 1 5" N, 102˝16 1 47" E), which is an area where paddy rice has been cultivation for more than five years with governmental subsidized liming application. The sandy spodosol soil was collected form the Malaysian Agricultural Research and Development Institute (MARDI) research station in Telong, Bachok and is an area which is currently cultivated with sweet potato and maize (corn). The average yearly rainfall is 3000 mm and the average temperature 32˝C at both sites. Soil was sampled at a depth of 20 cm.
Characterizations of Rice Husk Biochar and Soil
The selected rice husk biochar and soils were characterized using standard procedures and all analyses were carried out in triplicate. Bulk density of both rice husk biochar and soils were determined using a core method after Blake and Hartge (1986). The ash content of rice husk biochar was determined in accordance to a standard thermogravimetric procedure by heating to 550˝C to obtain the ash fraction of the biochar. Samples of rice husk biochar were air dried, crushed and sieved through a 0.15-mm sieve before being characterized. Soil samples were air-dried and sieved to pass through a 2 mm sieve prior to analysis. The pH, total carbon, CEC and water retention capacity of both rice husk biochar and soil were determined. The pH was measured in water using a pH meter (Mettler Toledo, Delta 320) at a sample:water ratio of 1:5 w/v. Total carbon was measured by element analysis using a Perkin Elmer 2400 Series II CHNOS Analyzer. CEC was analyzed using a double leaching method at pH 7 with ammonium acetate [22] and exchangeable bases were quantified using an Inductive Couple Plasma analysis of the first leachate with 1 N NH 4 OAc. Water retention capacity was determined using a pressure plate and a pressure membrane method. This method involves a series of equilibria between water in the sample and body of water at known potential (pF curves). The water retained at pF 2 was defined as field capacity, the water retained at pF 4.2 as permanent wilting point, and the difference between the two as the plant-available water. The acid neutralizing capacity of rice husk biochar (also referred to as alkalinity) was determined from a back titration method using 0.01 M NaOH. The soil microbial population was determined using a serial dilution technique where 10 g soil was diluted in 90 mL of sterilized saline water. After the series of dilution steps, the incubated media agar plates were visualized for colony growth, counted and the microbial population calculated in total colony forming units (cfu-log 10 ).
Pot Trial
The pot trial was carried out under a rain shelter at the MARDI research station in Kubang Keranji using a completely randomized design (Supplementary Materials Figure S2 ). Two soils, acid sulfate soil and sandy soil; two crops, corn (Zea mays) and rice (Oryza sativa); two rice husk biochars, locally produced mill biochar (R) and belonio produced biochar (B); both applied at two doses, 2% and 5% wt; and over two cropping seasons were tested. The biochar doses were added based on the dry weight of the soil. Rice was only grown under acid sulfate soil and overall the experimental design consisted of 60 pots. Standard fertilizer rates and crop establishment techniques were practiced for all of the treatments and details of these are shown in Table S1 in the Supplementary Materials. In brief, fertilizer was added to the pots for the rice after 12, 25, 45 and 65 days of growth and for the corn after 15, 25 and 46 days. The doses varied between 0.716 g per pot up to 7.50 g per pot for the NPK mixture according to soil, crop and time of amendment. In addition urea was added to the pots at doses of 0.716 g per pot for the rice cropped on acid sulfate soil and 5.63 g per pot for the soils cropped with corn. A control treatment without rice husk biochar amendment was used as comparison. Treatments are referred to as Control (C), Belonio rice husk biochar amended at 2% (B2), Belonio rice husk biochar amended at 5% (B5), mill rice husk biochar amended at 2% (R2), and mill rice husk biochar amended at 5% (R5) throughout. All pot experiments were carried out in four replicates per treatment.
Rice husk biochars were mixed into the topsoil layer during the pot preparation as illustrated in the schematic in Figure S3 in the Supplementary Materials. Owing to the excessive drainage problem that occurs in Malaysian sandy soils, the pots were designed to have a leachate chamber at the bottom to collect the leachate water and to allow the water retention capacity resulting from the application of biochar to be measured ( Figure S4 in the Supplementary Materials). The leachate from the pots containing sandy soil was collected throughout the cropping cycle and the volume was measured. As the pot trials were carried out under a rain shelter, corn was irrigated with tap water as 450 mL/pot/day for sandy soil and 300 mL/pot/day for acid sulfate soil. Rice was planted under flooded conditions and the minimal amounts of water needed to maintain a water depth of 5 cm in the pot (200 mL per pot/day) were supplied. Figure S5 in the Supplementary Materials provides photographs of the pot trial.
The pot trial was carried out for two cropping seasons, 75 days per season for corn and 95 days per season for rice, without the re-application of biochar between seasons. After harvesting the crops following the first growth season, the pots were reused for the second season and new crops were directly planted. The same amount of fertilizer as detailed above was re-added to the pots. Physico-chemical analysis of the soil plus biochar was carried out at the end of both the first and the second cropping season. In addition, the crop yield of rice was determined by measuring the weight of the grain on a tons per hectare basis. The yield of corn was determined as the weight of the fresh cob in tons per hectare.
Statistical Analysis
A statistical analysis was carried out first to identify statistically significant differences following biochar amendment for all crop and soil combinations by comparing each treatment to the respective control treatment. These results are displayed in figure in Section 3.2. Further more differences between all treatments for each soil and crop combination were identified and are reported in the text. All analyses were carried out at the p < 0.05 level using t tests and analysis of variance carried out using Microsoft excel.
Results and Discussion
Biochar and Soil Physico-Chemical Properties
Rice Husk Biochar Properties
The physico-chemical characteristics of the rice husk biochars and soils are shown in Tables 1  and 2 respectively. The total carbon content of the Belonio Biochar (B) was much higher (49%) than that of the rice mill char (R; 16%) showing that rice husk biochar produced via a controlled pyrolysis process underwent a more carbon efficient carbonization process than the gasification process that occurred in the rice processing mill. This fact is also confirmed by the much higher ash content of the R (75%) than that of the B (38%) biochar. This difference indicates that there was a greater amount of oxidation reactions taking place in the cyclonic gasification unit at the rice processing mill (aimed at maximal energy generation with the biochar as a byproduct), compared to the oxidation reactions taking place for the Belonio pyrolysis unit (which is specifically designed to give maximum biochar yield). Both biochars were alkaline and had pH greater than 8, with R biochar being slightly more alkaline than B biochar (10.2 for R and 8.9 for B). Titration curves for biochar suspensions ( Figure S6 in the Supplementary Materials) indicate that both biochars had the ability to neutralize acid. R biochar had a stronger buffering capacity (4.2 mmol H + ) at pH 6.2 as compared to B (2.5 mmol H + ), likely as the result of the higher ash content of R. The biochars had low bulk densities of 0.13 for R and 0.12 for B and very low N contents of 0.25% for R and 0.76% for B. Water retention curves showed that plant available water (PAW) of R was greater (107 wt %) than that of B (96 wt %) (shown in Figure 1 ).
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The physico-chemical characteristics of the rice husk biochars and soils are shown in Tables 1  and 2 , respectively. The total carbon content of the Belonio Biochar (B) was much higher (49%) than that of the rice mill char (R; 16%) showing that rice husk biochar produced via a controlled pyrolysis process underwent a more carbon efficient carbonization process than the gasification process that occurred in the rice processing mill. This fact is also confirmed by the much higher ash content of the R (75%) than that of the B (38%) biochar. This difference indicates that there was a greater amount of oxidation reactions taking place in the cyclonic gasification unit at the rice processing mill (aimed at maximal energy generation with the biochar as a byproduct), compared to the oxidation reactions taking place for the Belonio pyrolysis unit (which is specifically designed to give maximum biochar yield). Both biochars were alkaline and had pH greater than 8, with R biochar being slightly more alkaline than B biochar (10.2 for R and 8.9 for B). Titration curves for biochar suspensions ( Figure S6 in the Supplementary Materials) indicate that both biochars had the ability to neutralize acid. R biochar had a stronger buffering capacity (4.2 mmol H + ) at pH 6.2 as compared to B (2.5 mmol H + ), likely as the result of the higher ash content of R. The biochars had low bulk densities of 0.13 for R and 0.12 for B and very low N contents of 0.25% for R and 0.76% for B. Water retention curves showed that plant available water (PAW) of R was greater (107 wt %) than that of B (96 wt %) (shown in Figure 1 ). Corn AS = Corn planted under acid sulfate soil, Corn S = corn planted under sandy soil, Rice AS = Rice planted under acid sulfate soil. Means within the same column in each crop set followed by same letters (a, b, c) are not significantly different at p < 0.05. * Value was not measured. Table 2 shows the properties of the soils without the amendment of biochar after the first and second harvest (labeled as control C for all treatments). Both the acid sulfate soil and the sandy soil had low pH values (between 4.6 and 5.1). The C content and the CEC of the acid sulfate soil (5.5% and 15 cmolc/kg, respectively) were higher than those of the sandy soil (1.8% and 4.4 cmolc/kg). The acid sulfate soil had significant amounts of available Al 3+ , and its molar ratios of beneficial Ca 2+ vs. deleterious Al 3+ were between 0.9 and 1.7 with a small variation between crop type and season. For the sandy soil this ratio was much higher (>7), indicating that Al toxicity for this soil was not an agronomic problem. The amounts of exchangeable Na were relatively high (Table S2 in the Supplementary Materials), around 2.6 to 6 meq/kg, but these values showed no trend with varying biochar amendment, indicating that they were rather a result of irrigation and evapotranspiration than of biochar amendment. Evapotranspiration in the sandy soil was rather high, since almost 34 L of water were added in total whereas only around 1 L was recovered as soil leachate (Table 2 ).
Soil Properties
The Effect of Rice Husk Biochar Amendment on the Yield of Corn and Rice
The crop yield is expressed in t/ha fresh weight (as shown in Table S3 in the Supplementary Materials) and was calculated from the yield expressed as g/pot. Results of crop yields for both crops for all biochar amendments and for both cropping seasons are shown in Figure 2 as the relative change in yield following biochar amendment as compared to the respective control treatment. Table 2 shows the properties of the soils without the amendment of biochar after the first and second harvest (labeled as control C for all treatments). Both the acid sulfate soil and the sandy soil had low pH values (between 4.6 and 5.1). The C content and the CEC of the acid sulfate soil (5.5% and 15 cmolc/kg, respectively) were higher than those of the sandy soil (1.8% and 4.4 cmolc/kg). The acid sulfate soil had significant amounts of available Al 3+ , and its molar ratios of beneficial Ca 2+ vs. deleterious Al 3+ were between 0.9 and 1.7 with a small variation between crop type and season. For the sandy soil this ratio was much higher (>7), indicating that Al toxicity for this soil was not an agronomic problem. The amounts of exchangeable Na were relatively high (Table S2 in the Supplementary Materials), around 2.6 to 6 meq/kg, but these values showed no trend with varying biochar amendment, indicating that they were rather a result of irrigation and evapotranspiration than of biochar amendment. Evapotranspiration in the sandy soil was rather high, since almost 34 L of water were added in total whereas only around 1 L was recovered as soil leachate (Table 2) .
The crop yield is expressed in t/ha fresh weight (as shown in Table S3 in the Supplementary Materials) and was calculated from the yield expressed as g/pot. Results of crop yields for both crops for all biochar amendments and for both cropping seasons are shown in Figure 2 as the relative change in yield following biochar amendment as compared to the respective control treatment. 
Sandy Soil Cropped with Corn
For the sandy soil cropped with corn, yields determined for the first cropping season were significantly increased following the amendment of rice husk biochar in the following order of treatments; R5 = R2 > B5 = B2 >> C. The yield of corn (t/ha) in the presence of biochar was significantly higher than that of the control at both 2% and 5% dosages, with also statistically higher yields in the presence of the R (rice mill) biochar compared to the B (Belonio) biochar (absolute yields are shown in Table S3 in the Supplementary Materials). For the second cropping season, a slightly different trend was observed (R5 = B5 > R2 = B2 = C). In the second cropping season, the yield of corn without biochar in the C treatment was higher than in season 1 (0.02 t/ha for cropping season 1 compared to 0.2 t/ha for cropping season 2), and thus relative increases following the amendment of biochar were smaller. This could have been caused by better growing conditions in season two, however as none of the other treatments (different soil and crop) showed the same pattern, this can not be confirmed. Biochar is considered a stable amendment material, where half lives can be up to hundreds of years [23] and thus a prolongs positive effect of amendment could be anticipated. These results for sandy soil cropped with corn can not confirm a prolonged effect of biochar amendment. However the other variables used in this study support a prolonged effect (see below).
There were differences in the response of corn to the different biochar doses and types, although they were not completely consistent over both cropping season. The effect of biochar dose in the second season was clearer than in the first, where a larger biochar dose resulted in a greater yield (although not statically significant compared to the control for B5). However this was not the case for season one. Previous studies have reported a better effect of biochar amendment when a larger dose is applied. Cornelissen et al. [4] showed that the addition of higher biochar rates of 4 t/ha gives higher yield of maize cropped under sandy soil compared to application rates of 0.8 t/ha. Whilst these biochar amendment levels are lower than those used in this experiment, the tropical problematic sandy soil from Zambia used provides a warrant comparison to this study. Syuhada et al., 2015 reported with the addition of biochar under sandy spodosol, nutrient uptake by corn was increased significantly (personal communication). In this pot trial, there was a difference in effect based on biochar type where R biochar produced the most beneficial effects for corn cropped under sandy soil, especially in the first season. In sandy soils, agronomic limitations caused by excess Al and N deficiency are not expected, however a low organic matter content, a low CEC and drought stress due to high water drainage are common problems. The addition of both biochars to this sandy soil 
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Acid Sulfate Soil Cropped with Corn and Rice
The amendment of rice husk biochar to the acid sulfate soil also significantly increased the yield of corn and rice as compared to the unamended control for several treatments. For corn the effect of biochar amendment increased in the following order of treatments for cropping season one; R5 > R2 = B5 > B2 = C, and for cropping season two; B5 > R2 = R5 > B2 = C R5. In this instance it seems that there is a positive relationship between crop yield and biochar dose. Following amendment of rice husk biochar to acid sulfate soil cropped with rice, the effect of biochar amendment increased in the following order of treatments; for season one, B5 = R5 > B2 = R2 = C, and for season two the large standard deviations meant that the effect of biochar amendment was no longer statistically significantly different to the unamended control (apart from B2) and thus; B2 > R2 = B5 = R5 = C. However, the yield was the greatest for the lower doses of biochar amendment. The reversal of the trend with time could in part be explained by a more efficient extraction of nutrients by the rice grown in the pots with the higher dose in the first season leading to a slightly nutrient deficient soil for the second season and hence a reduction in growth for the higher dose. Overall there were modest but sometimes statistically significant increases in yield for the rice cropped on acid sulfate soil, when compared to the control treatment. The yield increases for the acid sulfate soil are probably a consequence of acidity alleviation, expressed by the significant increases in Ca/Al ratios, especially for the 5% biochar amendments (Table 1 , see next section). For both crops and acid sulfate soil, the positive overall effect of biochar amendment is felt in both cropping seasons. This result implies that the agricultural benefits of adding biochar (acid alleviation, water retention, see below for more discussion) are sustained with time for this soil. This result is corroborated by Zhang et al., 2012 who reported a positive effect of biochar amendment on soil quality and rice yield over two cycles of rice cropping for an Anthrasol from China [26] .
The Effect of the Amendment of Rice Husk Biochar on Soil Physical, Chemical and Biological Properties
The changes in physico-chemical properties following the amendment of rice husk biochar at 2% and 5% dose of the acid sulfate and sandy soil are shown in Table 2 and Figure 3 (pF curves).
Soil pH
The sandy soil cropped with corn in season 1 showed a significant increase in soil pH from the initial pH of 4.9 for all of the rice husk biochar treatments; the increase was stronger for R biochar (6.0-6.1) than for B biochar (5.1-5.5). This pH effect might in part explain the corn yields that are greater for R5 and R2 than for B5 and B2 in season one. However, exchangeable toxic Al 3+ in the sandy soil was low and Ca/Al ratios high (>7; Table 2), so pH is not likely to be the primary factor explaining positive yield effects of biochar in the sandy soil.
For the acid sulfate soil cropped with corn the pH was increased the most following 5% amendment of both biochars (from 5.1 in the control to 5.9 for B5 and 5.8 for R5). For the acid sulfate soil cropped with rice the greatest pH increase was observed following the amendment of R5 in cropping season one and B5 in cropping season two. The pH decreased from season one to two, suggesting that the biochar was not able to provide the same acid neutralizing capacity (see Figure S6 in the Supplementary Materials) over time, despite the slightly better effect on rice yield in season 2. Other authors have reported increases in pH following the amendment of biochar to acidic soils. Alling et al. [27] reported such increases for acidic soils from Indonesia where in general a higher pH and higher Ca/Al ratios resulted from a larger biochar dose.
Sustainability 2015, 7, page-page 11 S6 in the Supplementary Materials) over time, despite the slightly better effect on rice yield in season 2. Other authors have reported increases in pH following the amendment of biochar to acidic soils. Alling et al. [27] reported such increases for acidic soils from Indonesia where in general a higher pH and higher Ca/Al ratios resulted from a larger biochar dose. Acid sulfate soils are particularly vulnerable to Al toxicity as they are characterized by high concentrations of Al 3+ , Fe 3+ , and H + at soil pH < 5, high P fixation, low organic matter content and generally low microorganisms activity [28] . High Al 3+ concentrations can impair crop growth, and limit root growth. The degree of Al 3+ toxicity depends on the dissolved Al 3+ concentration which is in turn related to the soil pH [27] . When biochar is added to acid sulfate soils basic compounds that are able to reduce soluble Al 3+ are also added. Table S2 in the Supplementary Materials shows that there were significantly lower absolute concentrations of soil exchangeable Al 3+ for the biochar-amended soils compared to the control ones, for both crops and cropping seasons. The molar Ca/Al ratio is often used as an indication of the plant toxicity level in acid soil. The Ca/Al ratio for the unamended acid sulfate soil was low, between 0.9 and 1.7 (cropping season one and two, Table 2 ). Importantly, for both seasons and both biochars, the 5% amendments showed significant increases in Ca/Al ratios of the acid sulfate soils. For corn cropped under acid sulfate soil the molar Ca/Al ratio was highest for B5 (2.4) after cropping season one and this value increased after cropping season two to 4.7. For the rice cropped under acid sulfate soil the greatest increase was felt for R5 treatment (3.5 after cropping season one and 3.1 after cropping season two). This is an indication that the main mechanism of biochar effectiveness in acid sulfate soils is aluminum root stress alleviation.
In addition to exchangeable base cations, the addition of the ash fraction of biochar to the soil is also a reason why the pH was increased following amendment. A dissolution of alkaline carbonate, silicates, oxides and hydroxide minerals present mainly in the ash fraction of the biochar could have occurred in the pot experiment. The R biochar had a higher ash content of 75% compared to B explaining the larger increase in pH for the R than the B biochar. Ash is one component of biochar that is lost over time and has been cited as being important in explaining short-term impacts of biochar on crop growth [29] . These experiments only lasted for two seasons and this could not be tested extensively. However, based on the different ash contents, it the Belonio (B) biochar was Acid sulfate soils are particularly vulnerable to Al toxicity as they are characterized by high concentrations of Al 3+ , Fe 3+ , and H + at soil pH < 5, high P fixation, low organic matter content and generally low microorganisms activity [28] . High Al 3+ concentrations can impair crop growth, and limit root growth. The degree of Al 3+ toxicity depends on the dissolved Al 3+ concentration which is in turn related to the soil pH [27] . When biochar is added to acid sulfate soils basic compounds that are able to reduce soluble Al 3+ are also added. Table S2 in the Supplementary Materials shows that there were significantly lower absolute concentrations of soil exchangeable Al 3+ for the biochar-amended soils compared to the control ones, for both crops and cropping seasons. The molar Ca/Al ratio is often used as an indication of the plant toxicity level in acid soil. The Ca/Al ratio for the unamended acid sulfate soil was low, between 0.9 and 1.7 (cropping season one and two, Table 2 ). Importantly, for both seasons and both biochars, the 5% amendments showed significant increases in Ca/Al ratios of the acid sulfate soils. For corn cropped under acid sulfate soil the molar Ca/Al ratio was highest for B5 (2.4) after cropping season one and this value increased after cropping season two to 4.7. For the rice cropped under acid sulfate soil the greatest increase was felt for R5 treatment (3.5 after cropping season one and 3.1 after cropping season two). This is an indication that the main mechanism of biochar effectiveness in acid sulfate soils is aluminum root stress alleviation.
In addition to exchangeable base cations, the addition of the ash fraction of biochar to the soil is also a reason why the pH was increased following amendment. A dissolution of alkaline carbonate, silicates, oxides and hydroxide minerals present mainly in the ash fraction of the biochar could have occurred in the pot experiment. The R biochar had a higher ash content of 75% compared to B explaining the larger increase in pH for the R than the B biochar. Ash is one component of biochar that is lost over time and has been cited as being important in explaining short-term impacts of biochar on crop growth [29] . These experiments only lasted for two seasons and this could not be tested extensively. However, based on the different ash contents, it the Belonio (B) biochar was expected to demonstrate the most positive long lasting effects since it contained the lower amount of soluble ash. This was indeed true for the highest B dose.
Soil CEC and Exchangeable Bases
Soil pH influences soil CEC and nutrient availability [4] . Increase in soil pH can increase the soil's ability to adsorb cations depending on the charge of soil's cation exchange complex [30] . In this study the changes in CEC caused by the amendment of rice husk biochars were significant for both biochars, both crops and both cropping seasons (largest increase was just under 8 cmol/kg for the rice cropped under acid sulfate soil in cropping season one for treatment B5, Table 2 ). In sandy soils, low CEC is one of the major agricultural problems that leads to continuously high application of fertilizers in order to meet crop requirements. Small but significant increases in CEC may have contributed to the increases in crop yield. Table S2 in the Supplementary Materials shows the changes in exchangeable bases following biochar amendment. Potassium (K + ), magnesium (Mg 2+ ) and calcium (Ca 2+ ) concentrations were observed to increase following the amendment of rice husk biochars to both soils cropped with both crops and for both cropping seasons, with effects being most prominent for the 5% amendment. Laird et al. [31] reported that the addition of biochar to weathered soils (fine loamy, typic hapludolls) can increase exchangeable potassium via both the addition of potassium that is contained in the ash fraction of the biochar, and by binding potassium and thus reducing losses through leaching. Martinsen et al. [32] observed significantly higher K contents in both the soil solution and maize plant tissue after the amendment of biochar, corresponding to the amounts of K added via the biochar (68 kg/ha) amendment rather than via the addition of fertilizer (28 kg/ha). Masulili 2010, [33] reported that the addition of 10 t/ha rice husk biochar to acid sulfate soil cropped with rice increases exchangeable calcium significantly compared to a control. Cornelissen et al. [4] also observed significant increases in Ca/Al ratios upon biochar amendment to weathered tropical soils.
Plant-Available Water
The water holding capacity of sandy soils is often a major problem that can result in a decrease in crop productivity as excessive drainage of sandy soils can lead to inefficient water and nutrient uptake by crops. In this study, plant available water (PAW) was therefore only measured for the sandy soil and results are shown in Figure 3 . PAW significantly increased following the amendment of both rice husk biochars compared to the control unamended soil and was largest for the 5% amendment (from 4.3 weight percent water in the C to 6.6% for R5 and 6.2% for B5 for season one and from 4.7% in the C to 7.0% for R5 and 8.8% for B5 for season two). It is interesting to note that the PAW was higher in cropping season two (although not as high as for cropping season one) for the biochar treatments than the control, even though the biochar was not reapplied. The decrease in effectiveness could be due to a migration of the rice husk biochar from the subsoil layer and further down in to the soil profile, however this was not explicitly monitored. The increase in PAW for all treatments was corroborated by a decrease in leachate collected from the amended pots compared to the control (1.28 L for C, 0.69 L for R5, 0.82 L for B5, 0.69 L for R2 and 1.01 for B2 for cropping season one).
These results suggest that the increase in PAW caused by the amendment of biochar is one of the explanatory factors for the observed increase in corn yield cropped on the sandy soil. Such a finding is supported by previous studies, amongst others Carvalho et al. [34] who reported an increase in PAW in the upper soil layer following biochar amendment and related this observation to an increase in the overall porosity of the soil matrix caused by the biochar amendment. Cornelissen et al. [4] and Martinsen et al. [32] reported similar findings where the addition of 5% biochar significantly increased the PAW of three sandy soil in West Zambia, from 9% to 15% in the most sandy soil.
Soil Microbial Population
The soil microbial population is an important indicator of soil health and biochar can exert a positive or negative effect on this parameter [28] . The sandy nature of the spodosol used in this study, combined with its very low organic matter and carbon content may not provide a conducive environment for native microbial communities. Following the amendment of rice husk biochar to the sandy soil, a significantly larger microbial population (total count) was observed in the order; B2 = R5 = B2 = R2 > C for cropping season one, the differences disappearing in season two (Table 2) . Similar trend of significantly higher microbial counts upon biochar amendment in season one but not in season two were observed for the acid sulfate soil cropped with both rice and corn. The positive effect of rice husk biochar amendment to sandy and acid sulfate soils in this study may indicate that the positive chemical and physical effects created by the biochar amendment (mainly acidity alleviation, nutrient contents and plant available water) affect the biology of the system offering a habitat for the microorganisms. However, since the effect on the microbial population diminished with time, the sustained positive physico-chemical effects may not be mirrored by the biological effects. Additional analysis is needed to investigate this and provide direct evidence that the rice husk biochar provides a habitat for the microbes.
Conclusions
The amendment of rice husk biochar to sandy and acid sulfate soils from Malaysia was found to improve soil physico-chemical properties and increase the yield of corn and rice. The rice husk biochar produced via a gasification process in a local rice mill possessed physico-chemical properties that were able to neutralize the acidic nature of the soils and contribute positively to the retention of water for the sandy soil. The rice husk biochar produced from a specially developed upscaled Belonio pyrolysis unit was also able to neutralize acidity but additionally reduced exchangeable Al 3+ . Beneficial effects of biochar amendment were in some cases felt over two cropping seasons, however not for each individual combination of variables tested in this study. Our initial results warrant further investigation of the use of biochar in a Malaysian setting. If biochar re-application is not needed after the first amendment clear benefits for farmers both with regards to cost and time would be felt. This case study shows that in the Kelantan region of Malaysia, biochar which is now considered as a waste, could be applied at local fields for the cultivation of rice under acid sulfate soils to improve yields, re-use a waste material and ultimately gain financially. Before wide scale implementation, the concentration of PAHs and PTE should be quantified in the biochar. Within this study the performance of rice husk biochar as a soil amendment in combination with the application of standard fertilizer rates was investigated. Further studies on the use of rice husk biochar fortified with nutrients from organic materials such as in Kammann et al. [35] and the additional aspect of variable fertilizer rates will provide more alternatives for the utilization of rice husk biochar for improved crop production in Malaysia. Figure S6 : Acid neutralizing capacity of the two rice husk biochars, Table S1 : Standard fertilizer types and rates used for acid sulphate and sandy soil for corn and rice, Table S2 : Soil exchangeable bases at harvest, Table S3 : Yields of corn cropped under acid sulphate and sandy soil, and rice cropped under acid sulphate soil (t/ha) including the standard deviation of 4 measurements.
